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Bacterial migration through confined spaces is critical for several phenomena like: biofilm forma-
tion, bacterial transport in soils, and bacterial therapy against cancer [1–6]. In the present work,
E. coli (strain K12-MG1655 WT) motility was characterized by recording and analyzing individual
bacterium trajectories in a simulated quasi-2-dimensional porous medium. The porous medium was
simulated by enclosing, between slide and cover slip, a bacterial-culture sample mixed with uni-
form 2.98 µm spherical latex particles. The porosity of the medium was controlled by changing the
latex particle concentration. By statistically analyzing trajectory parameters like: instantaneous
velocity and turn angle, as well as mean squared displacement, we were able to quantify the effects
that different latex particle concentrations have upon bacterial motility. To better understand our
results, bacterial trajectories were simulated by means of a phenomenological random-walk model
(developed ad hoc), and the simulated results were compared with the experimental ones.
I. INTRODUCTION
Motility is an organism capability to move in an in-
dependent and spontaneous fashion. In general, motility
enhances an organism opportunities to succeed on repro-
duction and growth, and to escape from hazardous envi-
ronments. Many diseases, biofilm formation, and biore-
mediation are possible thanks to microorganism motility.
There exist two different types of flagellum-driven
motile microorganism: pushers and pullers, depending
on whether the driving force is respectively generated
ahead or behind the organism main body. In this work
we study E. coli motility, which is a pusher. This bac-
terium 3-dimensional motility is well understood when
it is freely swimming, and was mostly characterized by
the seminal work of H. C. Berg [7, 8]. E. coli swimming
consists of alternated runs and tumbles. During runs,
swimming is persistent and mostly unidirectional. This
motility mode is caused by a bundle of flagella rotating
clockwise (forward view) and in phase—because of angu-
lar momentum conservation, the bacterium body rotates
counter-clockwise—and its average duration is about 1 s.
Conversely, bacteria constantly re-orientate to a random
direction during tumbles. Tumbling occurs when at least
one flagellum rotates clockeise, making the bundle break
and the flagella spread. The average duration of tumbles
is approximately 0.1 s.
Although the free-swimming 3-dimensional motility of
this microorganism has been extensively studied [7, 9–
12], as well as its motility near solid surfaces [8, 13–16],
several questions regarding motility under other condi-
tions remain open. For instance, the effects that confined
spaces have on motility have recently become a focus area
of research, not only for E. coli, but also for other mi-
croscopic swimmers. This interest emerges form the fact
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that most microorganisms on Earth live in porous en-
vironments, like soils and biofilms [5, 6, 17–19]. Exam-
ples include studies on synthetic micro-swimmers such as
Janus particles [20–25], mathematical modeling studies
[26–31], and motility studies within constricted spaces
[17, 32–36]. However, bacterial motility in micron and
sub-micron constricted spaces has only been studied with
ideal geometries [3, 28, 36–38]. In order to study bacterial
motility in a more realistic environment, we have gen-
erated a device that simulates a quasi-two-dimensional
porous media [39], and studied how E. coli motility is
affected by varying porosity conditions. Our aim is to
retrieve information that could help us find answers for
problems in biology, medicine, and ecology, that involve
microbial motility [2, 17, 37, 40].
II. MATERIALS AND METHODS
A. Cell culture
Escherichia coli cell cultures (wild-type strain
MG1655) were prepared from frozen stocks according to
the experimental protocol reported in [13]. First, the
bacterial culture was saturated by seeding bacteria in
lysogeny broth medium (LB, 10 g/L tryptone, 5 g/L
yeast extract, and 10 g/L NaCl), and letting them grow
for 16 h at 34 ◦C, shaking at 150 rpm. Next, samples
containing 200 µL of the saturated culture, with glyc-
erol at 15 % (v/v), were stored at -80 ◦C. 98 cell culture
tubes were prepared from each stock cycle to guaranty
consistency between experiments. For each experimental
session, a new cell culture was grown from a stock tube
by adding 4 mL of fresh LB in 8 mL tubes, containing
200 µL of saturated LB. The resulting cultures were then
grown at 34 ◦C for 3.5 h on a rotary shaker (150 rpm),
in order to reach the mid-exponential phase of bacte-
rial growth. These conditions lead to an OD600 = 0.98.
Experimental samples were prepared by washing 1 mL
of bacterial culture and resuspending it in fresh motility
buffer (10 mM potassium phosphate, 0.1 mM EDTA, 10
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2mM NaCl; pH = 7.5). Each sample was washed three
times by centrifuging the cell culture at 2000 g for 5 min
and dispersing it with fresh motility buffer. Finally, the
sample was stored for 15 min, so that dead and non-
motile bacteria sediment, and medium from the tube top
was used to ensure approximately 90 % of motile bacte-
ria.
B. Experimental setup
To confine a dilute suspension of bacteria in a quasi-
two-dimensional porous medium, we placed a mixture
of bacterial culture and 2.98 ± 0.14 µm-diameter poly-
stirene spheres (Thermo Scientific) on a slide, and gently
covered it with a cover slip, following the procedure de-
tailed in [41]. The spherical beads were employed to fulfill
two different purposes: 1) to act as pillars between slide
and cover glass, and 2) to generate a disordered porous
matrix in which the beads act as obstacles for bacterial
swimming. The obstacle area fraction was controlled by
changing the concentration of beads. In our experiments
we considered area fraction values ranging from 0.01 to
0.4. In all cases, the bacterial count was kept between
15 and 30 cells within the video field. Evaporation and
externally caused fluxes were prevented by sealing the
space between glass edges with semi-polymerized poly-
dimethylsiloxane (PDMS). The volume of each sample,
prepared as we have just described, is about 8 µL, en-
suring a mono-layer of beads. To prevent bacteria from
attaching to glass surfaces, slides and coverslips were pre-
viously treated with PVP-40 (polyvinylpyrrolidone) in
Mili-Q water at 0.005 % (w/v) [42]. All experiments
were performed at 25 ◦C. Videos were recorded (at 30
fps, with a resolution of 480 × 720 pixels) by means of a
CCD camera mounted on an Olympus BX51 microscope,
with a 40× magnification phase contrast objective. With
this setup, the frame dimensions are 120 × 160 µm2. In
all cases, the recorded videos were 5 min long.
C. Trajectory analysis
Bacterial trajectories were recovered from the recorded
videos via an image-analysis algorithm that was origi-
nally developed by Crocker and Grier [43], and is imple-
mented on MatLab. Basically, this algorithm identifies
individual bacteria in every video frame, and them opti-
mizes an adequate objective function to link bacterium
positions in consecutive frames. To characterize the ob-
tained trajectories, we computed the instantaneous ve-
locity (~v(t)) and turn angle (|θ(t)|), as well as the Mean
Squared Displacement (MSD) (〈∆~r(t)2〉), by means of
the following equations:
~r(t) = x(t)xˆ+ y(t)yˆ + 0zˆ, (1)
~v(t) =
~r(t)− ~r(t−∆t)
∆t
, (2)
θ(t) = cos−1
(
~v(t−∆t) · ~v(t)
|~v(t−∆t)||~v(t)|
)
, (3)
〈∆~r(t)2〉 = 〈(~r(t+ n∆t)− ~r(t))2〉, (4)
where ~r(t) = x(t)xˆ + y(t)yˆ + 0zˆ, ∆t is 1/30 s, n is an
integer ranging from one to the trajectory length, and
〈...〉 denotes ensemble average.
Following Masson [44], we measured run and tumble
lengths. In our case, runs and tumbles were identified by
means of a Schmitt trigger, in which bacterial speed is
the threshold parameter. In summary, when a bacterium
speed is above 0.65 times the trajectory mean speed, the
bacterium is considered to be in a run. On the other
hand, if the bacterium speed is below 0.6 times the tra-
jectory average speed, the bacterium is regarded to be
in a tumble. By statistically analyzing all the measured
run and tumble times, we found that the corresponding
probability density functions (PDFs) are well fitted by
exponential distributions of the form:
ρ(t) =
1
τ
e−t/τ , (5)
in which τ is the average residence time.
Finally, for each of the bacterial swimming stages: run
and tumble, we performed an analysis of velocity com-
ponents, using the unitary velocity of the previous step
as a reference. We obtained the longitudinal (~v‖) and
transverse (~v⊥) velocity components as follows:
~v‖ = ~v(t) · ~v(t−∆t)|~v(t−∆t)| , (6)
~v⊥ = ~v(t) ·
(
kˆ × ~v(t−∆t)|~v(t−∆t)|
)
. (7)
After carrying out the corresponding statistical analy-
sis, we found that the experimental PDFs for both the
longitudinal and the transverse velocity components, for
both motility modes (runs and tumbles), are well fitted
by normal distributions:
P (x) =
1
σ
√
2pi
e−(x−µ)
2/2σ2 , (8)
where µ and σ are the distribution mean value and stan-
dard deviation, respectively.
D. Mathematical model
We developed a simple mathematical model to mimic
bacterial swimming as a phenomenological random walk.
In this model, bacteria were regarded as hard disks (with-
out flagella) with a diameter equal to the average minor
semi-axis of an E. coli bacterium (1 µm). The obsta-
cles were represented by 2.98 µm-diameter hard disks
and, for the sake of consistency, they were placed at the
same spots the latex beads occupy in the experimental
videos. All the performed simulations accounted for ten
3bacteria swimming in a 160 × 120 µm surface, with peri-
odic boundary conditions, and they consisted of 1 million,
1/30 s long, steps. The pseudo code for the mathematical
model is as follows:
1. Set the time step ∆t = 1/30 s.
2. Set the initial simulation time to t = 0, and ran-
domly chose the x and y coordinates of the ini-
tial trajectory point from uniform distributions in
the ranges [0, 160] µm and [0, 120] µm, respectively.
Take care that the initial trajectory point does not
lie within an obstacle.
3. Randomly select the initial motility mode: persis-
tent or tumbling, considering a probability of 0.5
for each one.
4. Randomly compute, from the PDF in Eq. (5), the
time T the simulated bacterium will remain in the
current motility mode. To do this, consider the pa-
rameter values of the corresponding motility mode
(see the Results section).
5. Calculate the number of steps to be given in the
current mode as the integer part of N = T/∆t.
6. For every step, randomly calculate the velocity lon-
gitudinal and transverse component by means of
the PDF in Eq. (8), with the corresponding param-
eter values (see the Results section). Then, multi-
ply times ∆t to get the corresponding displacement.
7. For every step, check the resulting virtual position
to detect obstacles. If the bacterium collides with
an obstacle, randomly chose the collision type (ei-
ther “arch” or “tangent”, as described below), and
use it to calculate the corrected position.
8. Update the simulation time, t := t+N∆t.
9. Change the bacterium motility mode.
10. Iterate from step 4.
By carefully observing the experimental videos, we
were able to identify two types of collisions (here termed
“arch” and “tangent”) between bacteria and obstacles.
After a bacterium encounters an obstacle, it swims along
the obstacle edge if the collision is of the “arch” type.
Conversely, after a “tangent” collision, the bacterium fol-
lows a linear trajectory, tangential to the obstacle edge
at the contact point. In our model, we simulate these
collisions as follows:
1. If as the result of a trajectory step, the simulated
bacterium would have to penetrate or swim across
an obstacle, we allow the bacterium to reach the ob-
stacle edge, and then we make it swim for a given
distance d ≤ l (with l the length of the original
step minus the distance traveled up to the obstacle
edge) either along the obstacle edge (for an “arch”
collision), or tangentially to it (for a “tangent” col-
lision).
2. Each time a bacterium collides with an obstacle,
the bacterium rests in touch with the bead surface
for a while, before it continues swimming. Based on
former studies of bacterium interactions with walls
and beads [45–48], we take this into account by
computing distance d as d = αl, with α a random
number uniformly selected in the interval [0.8, 1.0].
3. By trial and error we found that assuming the cor-
responding probabilities of “arch” and “tangent” as
7/9 and 2/9, makes the simulation results concord
with the experimental ones. This agrees with refer-
ence [22], in which the authors assert that the most
important contribution to bacteria-obstacle inter-
actions is due to swimming parallel to surfaces.
III. RESULTS AND DISCUSSION
A. Trajectory analysis at very low obstacle
concentration
We started by recording bacterial motility videos (fol-
lowing the procedure detailed in the Materials and Meth-
ods section) in which the obstacle concentration was
low enough (obstacle area fraction about 0.01) to keep
bacterium-obstacle interactions to a minimum, while en-
suring a 2.98 µm separations between glass surfaces.
Thereafter, we gradually increased obstacle concentra-
tion to evaluate the effect that bacterium-obstacle inter-
actions have upon bacterial motility. The largest obstacle
area fraction we achieved was about 0.4. In total, we ob-
tained 88 videos, and at least two of them correspond to
each one of the considered area fractions.
As described in the Materials and Methods section,
we recovered all the possible bacterial trajectories from
the recorded videos. On average, we were able to obtain
2690 trajectories from every video; the average trajectory
length being 46 steps (about 1.5 seconds). In Figs. 1(a)
and (b) we show representative samples of the trajecto-
ries we got from typical videos recorded at low (a) and
high (b) obstacle area fractions. Notice how both the ex-
perimental and the simulated trajectories become more
tortuous as the obstacle area fraction increases.
In order to have a point of reference, we started by
analyzing the trajectories obtained from very low (about
0.01) obstacle-area-fraction videos. To do so, we com-
puted the instantaneous speed and, as explained in the
Materials and Methods section, we used it to classify bac-
terial swimming as either persistent (runs) or tumbling
(tumbles). A typical trajectory is shown in Fig. 2(a),
with the run and tumble starting points indicated with
green and red marks, respectively. The corresponding
plot of speed vs. time is shown in Fig. 2(b).
After measuring all the run and tumble resident times,
we estimated the corresponding probability distributions
(PDFs), and found that both of them can be fitted by
exponential distributions. The experimental PDFs and
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FIG. 1. Experimental—(a) and (b)—and simulated—(c) and
(d)–bacterial trajectories under low—(a) and (c)—and high—
(b) and (d)—obstacle-area-fraction conditions. In all cases,
the obstacles are represented as white circles.
the corresponding best fitting exponential distributions
are plotted in Fig. 2(c). The best fitting parameter val-
ues are tabulated in Table I. The observed one-order-
of-magnitude difference between the run and tumble av-
erage duration times is consistent with previous reports
[8]. The difference between the average run time here
observed and previously reported values could be due to
solid surface interactions. See for instance the results in
[13, 15, 16, 42], in which runs last longer due to hydro-
dynamic interaction with solid surfaces.
To better understand the way bacteria move, the veloc-
ity at each trajectory step was decomposed into compo-
nents perpendicular and transverse to the previous step
(this was done separately for runs and tumbles), and
we computed the corresponding PDFs for each one of
these stages. I this case, we found that all the experi-
mental PDFs are well fitted by Gaussian distributions.
The experimental PDFs corresponding longitudinal ve-
locity components for runs and tumbles are shown in Fig.
2(d), together with the best fitting Gaussian distribu-
tions. The respective experimental and best fitting dis-
tributions for transverse velocity components are shown
in Fig. 2(d). The best fitting parameter values for all
four PDFs are tabulated in Table I.
We can appreciate in Figs. 2(d) and (e) that the
longitudinal-velocity mean values corresponding to both
runs and tumbles are positive and. Furthermore, as ex-
pected, longitudinal velocities are in general larger during
runs than during tumbles. This is consistent with the fact
that, on average, bacteria move along their longitudinal
axis. Also observe that, according to both distributions,
the probability of having negative longitudinal velocities
is non negligible. These negative values make possible
for bacteria to reverse or turn 180◦. This feature al-
lows bacteria to scape bead traps by reversing their swim
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FIG. 2. (a) Typical experimentally obtained trajectory. Run
and tumble starting points are respectively indicated with
green and red marks. (b) Speed trace from the same tra-
jectory in (a). (c) Experimental residence-time PDFs (dots)
and best fitting exponential distributions (solid lines) for runs
(green) and tumbles (red). (d) Experimental longitudinal ve-
locity PDFs for runs (green dots) and tumbles (red dots), and
the corresponding best fitting Gaussian distributions (green
and red solid lines). (e) Same as in (d), but for transverse
velocity.
as described in [9, 11, 12, 49, 50]. On the other hand,
the transverse velocity distributions are symmetrical and
they have zero mean values. However, the distribution
corresponding to tumbles is wider than that correspond-
ing to runs. As far as we understand, the symmetry of
these distributions means that bacteria tumbles are un-
biased, and the tumble transverse velocity distribution is
wider because there is no net displacement in this motil-
ity mode.
Residence Time
Run Tumble
τ 1.2 s 0.1 s
Velocity Components
v‖ (µm/s) v⊥ (µm/s)
Run Tumble Run Tumble
µ 37.84 5.99 0 0
σ 10.68 8.526 6.092 7.589
TABLE I. Parameter values for the exponential distributions
that best fit the run and tumble resitend-time PDFs, ans well
as for the Gaussian distributions that best fit the longitudinal
and transverse velocity PDFs corresponding to both runs and
tumbles.
5B. Effect of increasing obstacle concentration
As we can appreciate in Figs. 1(a) and (b), bacte-
rial trajectories display noticeable changes as the obsta-
cle concentration increases. For instance, at low obstacle
concentrations, bacterium swimming is more persistent
than it is at higher obstacle concentrations. On the other
hand, obstacle arrangement at high concentrations makes
it possible to find several configurations such as: corri-
dors, chambers, and inaccessible areas, all of which seem
to affect bacterial motility.
To investigate the effect that increasing obstacle con-
centration has upon bacterial motility, we recorded bac-
terial motility videos at different obstacle area fractions
in the interval [0.01, 0.4], recovered all the available bac-
terium trajectories, and analyzed them with the tech-
niques introduced in the Materials and Methods section.
First of all, we computed the average bacterial speed
for each experiment, and plotted the results vs. the ob-
stacle area fraction (φ) in Fig. 3. Observe that such
curve is well fitted by the following straight line:
〈v〉 = 〈v〉φmin(1−mφ), (9)
where 〈v〉φmin is the average bacterial speed at very low
obstacle area fraction, and m ≈ 1.2215.
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FIG. 3. Plot of the experimentally measured average bacterial
speed (normalized to the value obtained at very low obstacle
concentration) vs. the obstacle area fractions at every exper-
iment.
In what follows, we shall compare the results from
experimental and simulated trajectories (simulated by
means of the model described in the Materials and Meth-
ods section). To account for the previous paragraph re-
sults, we modified the model algorithm as follows. In step
6, if the bacterium is in the persistent motility mode (i.e.
in a run), instead of randomly computing the longitu-
dinal velocity component from a Gaussian distribution
with the mean value reported in Table I, we took
µ = µ0(1−mφ),
with µ0 ≈ 37.84 µm/s, and m as defined above. For the
standard deviation we employed the value reported in
Table I. Finally, each simulation accounted for ten bac-
teria swimming in a 120× 160 µm surface, with periodic
boundary conditions. In Figs. 1(c) and (d) we show a
few representative simulated trajectories at low and high
obstacle concentrations, respectively.
In order to test for external fluxes and/or chemotaxis,
we measured the horizontal (vx) and and vertical (vy)
velocity components at every step from both experimen-
tal and simulated trajectories, and calculated the corre-
sponding probability density function. The results are
shown in Fig. 4. There, we can appreciate that all PDFs
are symmetrical and that the vx and vy probability dis-
tributions are very much alike. To our consideration,
these results allow us to disregard both external fluxes
and chemotaxis in our experimental setup. Another in-
teresting observation is the fact that the PDFs become
wider as the obstacle area fraction (φ) decreases. This
last result is in agreement with the our previous appre-
ciation that the average bacterium speed decreases as φ
increases. Finally, we wish to emphasize that the PDFs
computed from the simulated trajectories agree very well
with the experimental ones. .
After confirming that, in our experiments, bacterium
swimming is unbiased, we decided to characterize how
bacterial motility is affected by the the presence of obsta-
cles at different concentrations. We started by taking the
experimental and simulated trajectories, measuring the
instantaneous speeds from all trajectories, and reckon-
ing the corresponding probability density functions (one
for each obstacle area fraction). The results are shown
in Fig. 5(a). Note that, once more, there is a good
agreement between the simulated and the experimental
results. Observe as well that all speed PDFs are uni-
modal, and that increasing obstacle concentration makes
the position of PDF mode decrease. This is in agreement
with our previous result that, on average, bacteria be-
come slower as the obstacle concentration increases. On
the other hand, we can observe that all PDFs are heavy
tailed and in consequence, there is a non-negligible proba-
bility that bacteria move with speeds as large as 50 µm/s,
even at the higher obstacle concentrations. We believe
that this fact is associated to the existence (at high obsta-
cle concentrations) of long corridors along which bacteria
can swim in a mostly rectilinear fashion.
The turn angle between consecutive steps is another
helpful parameter to characterize complex trajectories,
like the ones here obtained. Hence, we measured this
parameter from all the experimental and simulated tra-
jectories, computed the corresponding PDFs (one for ev-
ery considered obstacle area fraction), and plotted the
results in Fig. 5(b). Observe that the turn-angle PDFs
become wider and heavier tailed at the obstacle concen-
tration increases. This means that, as expected, turn
angles increase on average at higher obstacle concentra-
tions. On the other hand, when contrasting the exper-
imental and the simulated results, we can observe that,
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FIG. 4. Probability density functions for the bacterium hor-
izontal (vx) and vertical (vy) velocity components, calcu-
lated from experimental (symbols) and simulated (solid lines)
trajectories, at different obstacle area fractions (φ): blue,
φ ≈ 0.01; cyan, φ ≈ 0.1; green, φ ≈ 0.2, cyan, φ ≈ 0.1,
light brown, φ ≈ 0.29, red, φ ≈ 0.39.
invariably, the PDFs computed from the simulated tra-
jectories render larges values at low turn angles, than the
corresponding experimental PDFs. Moreover, this differ-
ence becomes more notorious at larger obstacle concen-
trations. Although definitely more work is necessary to
explain these differences, we believe that thay can be due
to bacterium-obstacle interactions not accounted for by
our model.
To better understand the previous paragraph results,
we measured the average bacterial speed (averaged over
time and over all available trajectories) in every squared
micron of the recorded field, and plotted the results in
Fig. 6 for the experimental and the simulated trajec-
tories. We can observe there that, in the experimental
trajectories, the average bacterial speed decreases in the
neighborhood of obstacles, and that this phenomenon is
more notorious as obstacle concentration increase. For
instance, when two or three obstacles are close together,
the average bacterial speed between them is even smaller
than in the vicinity of isolated obstacles. Moreover, when
larger obstacle concentrations lead to corridors, chambers
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FIG. 5. (a) Speed probability density functions (PDFs)
computed from experimental (symbols) and simulated (solid
lines) trajectories at various obstacle area fractions (φ): blue,
φ ≈ 0.01; cyan, φ ≈ 0.1; green, φ ≈ 0.2, cyan, φ ≈ 0.1,
light brown, φ ≈ 0.29, red, φ ≈ 0.39. (b) Turn-angle PDFs
computed from experimental (symbols) and simulated (solid
lines) trajectories at various obstacle area fractions. The color
code is the same as in (a).
and inaccessible areas (see Fig. 6(b)), bacterial speed in
corridors and chambers is about 25 µm/s and 15 µm/s,
respectively. That is, bacterial motility at high obsta-
cle concentrations is severely affected but not completely
stopped, and bacteria are still able to escape from traps
and visit all the available space. In contrast, we can ap-
preciate from Fig. 6(c) and (d) that, in the simulated
trajectories, bacterial speed is pretty much homogeneous
across the space not occupied by obstacles, even in the
vicinity of single obstacles or between nearby obstacles.
Furthermore, no difference in speed can be appreciated
inside corridors and chambers at higher obstacle concen-
trations. In summary, these results corroborate that, as
previously asserted, bacteria interact with obstacles in a
complex way that is not accounted for in our model.
Finally, we computed the mean squared displacement
(MSD) from both the experimental and the simulated
trajectories, and present the results in Fig. 7. There,
we can appreciate that, in both cases, the MSD slope
is negatively correlated to the area fraction occupied by
7FIG. 6. Mean speed (averaged over time and over all
trajectories in every squared micron) maps computed from
experimental—(a) and (b)—and simulated—(c) and (d)—
trajectories at different obstacle concentrations (Same exper-
iments as those in Fig. 1). The color code is given in the
adjacent bar. Spherical beads are represented as white cir-
cles.
obstacles. Moreover, at short times, all MSD’s denote
super-diffusive motion, as expected for auto-propulsive
colloidal particles. Also expected is the fact that the
duration of super-diffusive motion decreases as obsta-
cle concentration increases; because the distance bacteria
swim without interacting with obstacles decreases with
obstacle concentration. Interestingly, the model results
resemble the experimental ones during the super-diffusive
period for all obstacle concentrations. But only at very
low obstacle concentrations there is a good agreement
between the simulated and the experimental MSDs for
longer times. Once again, we believe that bacterium-
obstacle interactions missing in our model are responsible
for these differences.
IV. CONCLUSIONS
Microorganisms constitute a large proportion of total
Earth’s biomass, and a many of them live in porous me-
dia [1]. Henceforth, understanding how bacterial motility
is affected by porous conditions is important for research
fields like: soil microbiology, bioremediation, microbial
pathogenesis and others. Bacterial motility in micron
and sub-micron constricted spaces has been studied with
ideal geometries [3, 28, 36–38]. In this work we have
generated a more complex and realistic environment that
simulates a quasi-two-dimensional porous media [39], and
studied how E. coli motility is affected by decreasing
porosity conditions.
To characterize bacterial motility we recorded motile
bacteria, recovered the trajectories by means of image
analysis techniques, and statistically analyzed trajectory
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FIG. 7. Plots of mean squared displacement (MSD) vs. time,
computed from experimental (symbols) and simulated (solid
lines) trajectories, at different obstacle area fractions (φ).
parameters like: instantaneous velocity, turn angle, mean
squared displacement and speed map. We carried out
experiments in which the area fraction occupied by ob-
stacles spans from 1 to 39 %.
From the obtained results, we hypothesized that bac-
terial movement can be described as follows:
• E. coli presents two different motility modes: runs
and tumbles, and a given bacterium randomly and
spontaneously switches between these two modes.
• Bacterial swimming can be viewed as phenomeno-
logical random walk in which the longitudinal and
transverse components of each step (as referred to
the previous step), obey characteristic probability
density functions for every motility mode.
• Bacterial average speed linearly decreases as the
obstacle concentration increases.
• Bacteria only interact with obstacles through colli-
sions.
All these characteristics were taken into account to build
the model described in detail in the Materials and Meth-
ods section. This model was employed to simulate bacte-
rial trajectories at different obstacle concentrations, and
to compare them with the experimentally obtained tra-
jectories.
Given that the speed PDFs obtained from the simu-
lated trajectories match those of the experimental tra-
jectories for all obstacle concentrations, while the results
from simulated trajectories for the turn angle PDFs and
the mean squared displacement qualitatively agree with
the experimental ones, we conclude that our model can be
regarded as a sound semiquantitavie description of bacte-
rial motility in a quasi-two-dimensional porous medium.
Concerning the quantitative differences observed between
8the experimental and the simulated turn-angle PDFs and
mean squared displacement curves, or analyses suggest
that they may be due to bacterium-obstacle interactions
not accounted for by our model. For instance, these ex-
tra interactions may be of hydro-dynamic nature, or due
to physical contact between the bacterium flagella and
the spherical beads [11, 12, 29, 39]. Answering this ques-
tions demands future experimental and mathematical-
modeling work
[1] W. B. Whitman, D. C. Coleman, and W. J. Wiebe, Proc
Natl Acad Sci U S A 95, 6578 (1998).
[2] B. J. Toley and N. S. Forbes, Integr. Biol. 4, 165 (2012).
[3] I. Berdakin, Y. Jeyaram, V. V. Moshchalkov, L. Venken,
S. Dierckx, S. J. Vanderleyden, a. V. Silhanek, C. a. Con-
dat, and V. I. Marconi, Physical Review E - Statisti-
cal, Nonlinear, and Soft Matter Physics 87, 1 (2013),
arXiv:arXiv:1305.5428v2.
[4] J. W. Barton and R. M. Ford, Applied and environmental
microbiology 61, 3329 (1995).
[5] M. Binz, A. P. Lee, C. Edwards, and D. V. Nicolau,
Microelectronic Engineering 87, 810 (2010).
[6] C. Jimenez-Sanchez, L. Y. Wick, and J.-J. Ortega-Calvo,
Environmental Science & Technology 46, 6790 (2012).
[7] H. C. BERG and D. A. BROWN, Nature 239, 500
(1972).
[8] H. C. Berg, E. coli in Motion, edited by H. C. Berg,
Biological and Medical Physics, Biomedical Engineering
(Springer New York, New York, NY, 2004).
[9] H. C. Berg and L. Turner, Proceedings of the National
Academy of Sciences 92, 477 (1995).
[10] M. Wu, J. W. Roberts, S. Kim, D. L. Koch, and M. P.
DeLisa, Applied and Environmental Microbiology 72,
4987 (2006).
[11] L. Turner, W. S. Ryu, and H. C. Berg, Journal of Bac-
teriology 182, 2793 (2000).
[12] L. Turner, R. Zhang, N. C. Darnton, and H. C. Berg,
Journal of Bacteriology 192, 3259 (2010).
[13] E. Lauga, W. R. DiLuzio, G. M. Whitesides, and H. A.
Stone, Biophysical Journal 90, 400 (2006).
[14] K. Drescher, R. Goldstein, N. Michel, M. Polin, and
I. Tuval, Physical Review Letters 168101, 4 (2010),
arXiv:1008.2681.
[15] K. Drescher, J. Dunkel, L. H. Cisneros, S. Ganguly, and
R. E. Goldstein, Proceedings of the National Academy of
Sciences 108, 10940 (2011).
[16] D. Giacche´, T. Ishikawa, and T. Yamaguchi, Physi-
cal Review E - Statistical, Nonlinear, and Soft Matter
Physics 82, 1 (2010).
[17] K. Kusy and R. M. Ford, Environmental science & tech-
nology 41, 6403 (2007).
[18] M. S. Olson, R. M. Ford, J. A. Smith, and E. J. Fernan-
dez, Environmental Science & Technology 39, 149 (2005).
[19] M. S. Olson, R. M. Ford, J. a. Smith, and E. J. Fernan-
dez, Bioremediation Journal 10, 13 (2006).
[20] A. T. Brown, I. D. Vladescu, A. Dawson, T. Vissers,
J. Schwarz-Linek, J. S. Lintuvuori, and W. C. K.
Poon, Soft Matter (2015), 10.1039/C5SM01831E,
arXiv:1411.6847.
[21] P. K. Ghosh, The Journal of Chemical Physics 141,
061102 (2014).
[22] S. E. Spagnolie, G. R. Moreno-Flores, D. Bartolo, and
E. Lauga, Soft Matter 11, 3396 (2015), arXiv:1412.4598.
[23] D. Takagi, J. Palacci, A. B. Braunschweig, M. J. Shel-
ley, and J. Zhang, Soft Matter 10, 1784 (2013),
arXiv:1309.5662.
[24] G. Volpe, I. Buttinoni, D. Vogt, H.-J. Ku¨mmerer, and
C. Bechinger, Soft Matter 7, 8810 (2011).
[25] X. Zheng, B. ten Hagen, A. Kaiser, M. Wu, H. Cui,
Z. Silber-Li, and H. Lo¨wen, Physical Review E 88,
032304 (2013).
[26] T. Brotto, J.-B. Caussin, E. Lauga, and D. Bartolo,
Physical Review Letters 110, 038101 (2013).
[27] J. P. Hernandez-Ortiz, C. G. Stoltz, and M. D. Graham,
Physical Review Letters 95, 204501 (2005).
[28] M. Jabbarzadeh, Y. Hyon, and H. C. Fu, Physical Re-
view E 90, 1 (2014).
[29] E. Lushi, H. Wioland, and R. E. Goldstein, Proceedings
of the National Academy of Sciences of the United States
of America 111, 9733 (2014), arXiv:1407.3633.
[30] A. Najafi, S. S. H. Raad, and R. Yousefi, Physical Review
E 88, 045001 (2013).
[31] M. Sandoval and L. Dagdug, Physical Review E 90,
062711 (2014).
[32] G. Lambert, D. Liao, and R. H. Austin, Physical Review
Letters 104, 1 (2010).
[33] Z. Liu and K. D. Papadopoulos, Appl. Environ. Micro-
biol. 61, 3567 (1995).
[34] J. Rutllant, M. Lo´pez-Be´jar, and F. Lo´pez-Gatius, Re-
production in Domestic Animals 40, 79 (2005).
[35] M. B. Wan, C. J. Olson Reichhardt, Z. Nussinov, and
C. Reichhardt, Physical Review Letters 101, 018102
(2008), arXiv:0708.3096.
[36] L. Ping, V. Wasnik, and E. Emberly, FEMS microbiol-
ogy ecology 91, 1 (2015).
[37] J. Mannik, R. Driessen, P. Galajda, J. E. Keymer, and
C. Dekker, Proceedings of the National Academy of Sci-
ences 106, 14861 (2009).
[38] M. Raatz, M. Hintsche, M. Bahrs, M. Theves, and
C. Beta, The European Physical Journal Special Topics
224, 1185 (2015).
[39] Y. Davit, H. Byrne, J. Osborne, J. Pitt-Francis, D. Gav-
aghan, and M. Quintard, Physical Review E 87, 012718
(2013).
[40] K. Narayanaswamy, R. M. Ford, J. A. Smith, and E. J.
Fernandez, Water Resources Research 45, 12 PP. (2009).
[41] J. Santana-Solano, A. Ramı´rez-Saito, and J. L. Arauz-
Lara, Physical Review Letters 95, 198301 (2005).
[42] A. P. Berke, L. Turner, H. C. Berg, and E. Lauga, Phys-
ical Review Letters 101, 038102 (2008).
[43] J. Crocker, J. Crocker, and D. Grier, Journal of Colloid
and Interface Science 179, 298 (1996), arXiv:96 [0021-
9797].
[44] J.-B. Masson, G. Voisinne, J. Wong-Ng, A. Celani, and
M. Vergassola, Proceedings of the National Academy of
Sciences 109, 1802 (2012).
[45] G. Li, L.-K. Tam, and J. X. Tang, Proceedings of the
National Academy of Sciences of the United States of
9America 105, 18355 (2008).
[46] J. Liu and R. M. Ford, Environmental science & technol-
ogy 43, 8874 (2009).
[47] J. Liu, R. M. Ford, and J. a. Smith, Environmental
Science and Technology 45, 3945 (2011).
[48] O. Sipos, K. Nagy, R. Di Leonardo, and P. Galajda,
Physical Review Letters 114, 258104 (2015).
[49] L. Cisneros, C. Dombrowski, R. E. Goldstein, and J. O.
Kessler, Physical Review E - Statistical, Nonlinear, and
Soft Matter Physics 73, 3 (2006).
[50] S. Bianchi, F. Saglimbeni, A. Lepore, and R. Di
Leonardo, Physical Review E 91, 062705 (2015),
arXiv:arXiv:1506.09064v1.
